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Abstract

Mixtures of two long-chain alkanethiols, HS(CH2)nX and HS(CH2)mY (X, Y =

CH 3, OH; n > m), in which the alkyl chains have different lengths, adsorb from solution

onto gold and form monolayers comprising a densely packed inner region adjacent to the

gold surface and a disordered outer region in contact with the solution. When X = Y =

CH3 (n #i m), this disordered phase makes the "mixed monolayer" more oleophilic than the

ordered, pure (i.e. single-component) monolayers. When X = Y = OH, the pure

monolayers are wet by water, but the mixed monolayers are less hydrophilic because

nonpolar polymethylene chains are exposed at the surface. When X = CH3, Y = OH (n =

21, m = 11), a very sharp transition occurs from a monolayer composed largely of the

longer, methyl-terminated component to the shorter, hydroxyl-terminated component as the

mole fraction of HS(CH 2)I1 OH in the adsorption solution is increased. From solutions

containing two thiols, adsorption of the thiol with the longer chain is preferred. This

preference is greater when the monolayers are adsorbed from ethanol than from isooctane.

The mixed monolayers do not act as ideal two-dimensional solutions. The adsorption

isotherms suggest a positive excess free energy of mixing of the two components in the

monolayer. The compositions of the monolayers appear to be determined largely by

thermodynamics, although in some cases there is also a kinetic contribution to the

composition. The two components in mixed monolayers do not phase-segregate into

macroscopic islands (greater than a few tens of angstroms across) but are probably not

randomly dispersed within the monolayer. The wettability of mixed, methyl-terminated

monolayers can be partially rationalized by the geometric mean approximation, but a full

description probably requires inclusion of the entropy of mixing at the monolayer-liquid

interface. The hysteresis in the contact angle on these monolayers cannot be explained by

theories of wetting based on macroscopic heterogeneity. Contact angles are more sensitive

than optical ellipsometry or X-ray photoelectron spectroscopy to certain types of changes in
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the composition and structure of these monolayers.
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Introduction

Long-chain alkanethiols, HS(CH2)nX, adsorb from solution onto gold and form

densely packed monolayer films. 3.4 This paper is the second of two that present studies of

the "mixed monolayers" formed by the coadsorption of two thiols. In the preceding paper

in this issue,5 we discussed the influence of the tail group, X, and the nature of the solvent

on the formation of monolayer films on gold and on the properties of the resulting surfaces.

In this paper, we turn our attention to monolayers formed by coadsorption of two thiols

that differ in the length, n, of the polymethylene chain.

We present data here for mixed monolayers in three general classes: (a) both the

thiol with the longer chain and the thiol with the shorter chain are terminated by methyl

groups (X = CH3); (b) both thiols are terminated by hydroxyl groups (X = OH);6 (c) a

long-chain thiol is terminated by a methyl group and a short-chain thiol is terminated by a

hydroxyl group. 7 We have previously published preliminary results from the latter two

systems as communications. 6,7

We had three broad aims in this study. First, we wished to understand how the

composition of the monolayer was related to the concentrations of the thiols in solution.

One of the key questions is whether the molecular constituents (probably alkyl thiolates,

RS-) of the monolayer are in thermodynamic equilibrium with their precursors

(alkanethiols) in solution, or whether the kinetics of adsorption determine the composition

of the monolayer. If the monolayers are in thermodynamic equilibrium with the adsorption

solutions, then it should be possible to derive thermodynamic properties of the monolayers

from the adsorption isotherms. A quantitative analysis of the adsorption isotherms is

beyond the scope of this paper. Here we discuss qualitatively the impact of excess entropy

and enthalpy on the composition of the monolayers.8

Second, we wished to elucidate the structure of the mixed monolayers. In

particular, we wanted to establish whether the two components in the monolayer segregate



5

into macroscopic, single-component domains, and, if not, to what extent the components

do aggregate into small clusters on the surface. In this context we use "macroscopic" to

mean sufficiently large that the properties of the monolayer are dominated by molecules that

are in an environment indistinguishable from that in a pure (i.e. single-component)

monolayer. In the absence of long-range electrostatic interactions, macroscopic probably

applies to islands more than a few tens of angstroms across. To address this problem we

used inferential evidence from contact angles (0), X-ray photoelectron spectroscopy (XPS)

and ellipsometry. We have not attempted to determine the pair correlation function of the

components within the monolayer directly by scattering experiments.

Third, we wished to investigate the macroscopic physical properties -- particularly

the wettability -- of interfaces that can be generated with mixed monolayers of thiols on

gold. The properties of mixed monolayers are closely related to their structure. Long-

chain thiols form well-packed, oriented monolayers on gold in which the hydrocarbon

chains are canted -300 from the normal to the surface (Figure 1A and 1C).4 .9 Methyl-

terminated thiols generate surfaces that are composed of densely packed methyl groups and

are both hydrophobic (Oa(H20) = 1120) and oleophobic (0a(HD) = 470; hMJ) =

hexadecane). 3 Hydroxyl-terminated thiols form monolayers that are wet by both

hexadecane and water (Oa(H20) = Oa(HD) - 00).6 If two thiols with the same tail group

but different chain lengths were to separate into discrete macroscopic islands, then the

wettability of the mixed monolayers would be the same as that of the pure monolayers

(Figure ID). A more interesting situation would arise if the two components were

dispersed on a molecular scale: the lower part of the monolayer, adjacent to the gold

surface, would still be well-packed;1 0 the upper part would be disordered and liquid-like

(Figure 1B). The presence of this disordered phase would be evident as a large deviation in

the contact angles from the values observed on the pure monolayers. If the both thiols

were terminated by hydroxyl groups, the nonpolar methylene groups exposed in the mixed

monolayers would raise the contact angle of water relative to the pure monolayers. If both



Figure 1. Schematic illustration of monolayers of thiols on gold. (A) Pure monolayer of

docosanethiol. (B) Mixed monolayer of docosanethiol and dodecanethiol near the

composition that yielded the lowest contact angles with hexadecane. (C) Pure monolayer of

dodecanethiol. (D), (E), (F) Structures that we believe do not occur in the monolayers

studied here. (D) Mixtures of docosanethiol and dodecanethiol phase-separated into islands

that have the properties of the pure monolayers are not consistent with the observed contact

angles. (E) An oriented monolayer with the two components dispersed on a molecular

scale is unstable relative to (B). (F) Hairpin loops in the thiol with the longer chain are

energetically unstable with respect to incorporation of additional molecu!es of a thiol into

the monolayer.
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thiols were terminated by methyl groups, the surface of the mixed monolayers would

resemble a liquid hydrocarbon. Since any liquid spreads on a surface composed of the

same liquid, we would expect the contact angle with hexadecane to exhibit a much lower

contact angle on the mixed monolayers than on the pure monolayers.

The data that we present in this paper can be understood if the compositions of the

monolayers are at, or near, their values at equilibrium with the solutions from which they

were adsorbed. We discussed in the preceding paper the apparent contradiction between

thermodynamic control over the adsorption process and the slow rate of exchange between

the components in fully formed monolayers and thiols in solution. The resolution of this

problem may lie in rapid equilibration early in the adsorption process, possibly through a

physisorbed thiol, although we have no proven mechanism for such equilibration. The

composition of the fully formed monolayer would be the result of kinetic trapping of the

composition of the equilibrating monolayer early in the adsorption process. The

compositions of some of the monolayers studied in this paper did vary slowly with time,

indicating that the kinetics of adsorption played a more important role than in the thinner

monolayers discussed in the preceding paper. Equilibration between the monolayer and

the solution may have slowed down before the equilibrium composition had been reached

in these monolayers. For none of the monolayers were we able to rationalize the observed

compositions purely on the basis of kinetics. The available evidence also points to the

absence of macroscopic islands caused by phase-segregation of the two components within

the monolayer. We will present the data in this paper under the assumptions that

thermodynamics controls the composition of the mixed monolayers and that the monolayers

are not phase-segregated, and then discuss the evidence that lends support to these

assumptions. We will also try to define more closely the extent of aggregation of the two

components in the monolayer.

By using monolayers containing chains of different length we can control the

degree of disorder at interfaces and vary the structure perpendicular to the surface. There
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are many reasons for interest in such systems. By relating the contact angle and the

hysteresis in the contact angle to the structure of a surface we can test theories of

wetting. 11, 12,13,1 4 Current theories of wetting are based on the consideration of the

enthalpy of intermolecular interactions and do not specifically include the interfacial entropy

except in so far as it scales with the enthalpy. Specifically, current theories do not

incorporate entropy of mixing at the solid-liquid interface. Since the variation in the degree

of order at a solid-liquid interface changes the interfacial entropy, any model that seeks to

provide a full description of wetting in these systems will have to address the role of

entropy. We also attempt to reconcile the hysteresis observed in the contact angle with the

predictions of theories based on macroscopic heterogeneity, and conclude that hysteresis in

these systems is determined by the microscopic structure of the surface.

Mixed monolayers containing components of different chain lengths could

potentially be used to construct cavities of a controlled size containing specific functional

groups. 15 Such systems would be useful for modelling enzyme activity, molecular

recognition, heterogeneous catalysis and electrode processes. Control over the tail groups

exposed at the monolayer-liquid interface permits the study of the effect of environment on

acidity/basicity and chemical reactivity at interfaces. The mixed methyl-terminated chains

provide a model system for synthetic membranes incorporating lipids of mixed chain

lengths. 16 Direct applications also exist in the modification of wetting and adhesion, in

chromatography, 17 and perhaps in electronic devices.

Recently there has been much interest in the measurement of intermolecular

interactions with Tabor force balances. 18 Atomically smooth gold films can be formed on

mica plates of the type normally used in force balance measurements. 19 Monolayers on

gold are more densely packed than monolayers of ammonium salts on mica, 20 and, as we

show in these papers, offer great flexibility over the structure at the monolayer-liquid

interface. In addition, monolayers of thiols on gold should prevent the leaching of ions

from the mica into solution, 21 thus eliminating the effects of the electrostatic double layer.
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The general strategy in this paper, as in the preceding paper, was to adsorb

monolayers onto gold from solutions containing two thiols at various mole fractions but

with a fixed total concentration of thiol moieties. We then used ellipsometry and XPS to

determine the composition of the monolayer and contact angles to measure its wettability.

Contact angles also provide structural information about the surface of a monolayer. The

contact angle of water is sensitive to the polarity of the surface; the contact angle of

hexadecane reflects the polarizability and, as we shall see, the degree of order in the

surface. The contact angle of water is more sensitive than the contact angle of hexadecane

to the presence of polar functional groups buried below the monolayer-liquid interface. 22

A comparison of the contact angles of water and hexadecane can thus provide considerable

insight into the three-dimensional structure of a monolayer. Hysteresis in the contact angle

probably also carries valuable structural information, but we do not yet understand how to

interpret hysteresis.

In this paper we will use terms such as "monolayer of alkanethiol" to specify the

precursor from which the monolayer was formed, even though the actual species on the

surface is probably an alkyl thiolate (RS-).3.23 We will also use terms such as "methyl

surface" to refer to the surface of a monolayer that exposes primarily methyl groups at the

monolayer-air or monolayer-liquid interfaces. We define a parameter, R, to be the ratio in

solution of the concentration of the species with the shorter chain to the species with the

longer chain: R = [HS(CH2 )mY]soi/[HS(CH2)nX]sol (m < n). Contact angles are plotted

with axes that are linear in cos 0, not in 0 itself. Cos 0 is related to surface free energies

through Young's equation 24

ycos0 Ysv -Ys (1)

where Yiv, Ysv, and Ysl are the liquid-vapor, solid-vapor, and solid-liquid surface free

energies, respectively. Changes in cos 0 are thus linearly related to changes in interfacial



9

free energies. In this paper we express the hysteresis in the contact angle as the difference

between the minimum receding contact angle and the advancing contact angle, expressed as

cosines: cos Or - COS Oa2 5

Experimental Section

Details of the purification and synthesis of the materials used in these studies and

general description of procedures have been provided in the preceding paper.5

Both ellipsometric thicknesses and XPS intensities were used to calculate the

composition of monolayers containing two components with different chain lengths. The

ellipsometric readings were converted to compositions on the assumption that the

ellipsometric thickness is a linear function of the composition. There is no a priori reason

why this assumption should be valid, since the optical constants of the mixed monolayers

might differ from those of the pure monolayers. Radiotracer measurements on partial

monolayers of octadecylamine on chromium 26 supported a linear relationship, however, so

our approximation is probably valid.

The compositions of monolayers comprising two methyl-terminated thiols were

calculated from the ratio of the intensities of the C( s) and Au(4f 7/2) photoelectrons. If the

monolayers are homogeneous (i.e. they do not comprise single-component domains) the

C/Au ratio is given to a good approximation by27

C Coo(l - ed/silnO)
Au Au0e-d/2sin0  (2)

where C., = C( s) intensity from an infinitely thick monolayer of an alkanethiol on gold

Au0 = Au(4f 7/2) intensity from a clean gold surface

0 = the angle between the axis of the analyzer and the surface horizontal (the take-



10

off angle)

X I = attenuation length of C(ls) photoelectrons in a hydrocarbon film (- 36 A)

X2 = attenuation length of Au(4f7/2) photoelectrons in a hydrocarbon film (- 42 A)

d = thickness of the monolayer

We could use this formula directly to calculate the thickness, and hence the composition of

the monolayers. In practice, it is easier to calibrate the C/Au ratio against actual monolayers

of pure alkanethiols with various chain lengths. The C/Au ratios from the mixed

monolayers shown in Fig. 4 were compared with the C/Au ratio obtained from pure

monolayers of HS(CH2)nCH3 adsorbed from ethanol.23 Since the acquisition parameters

were different in the two experiments, the ratios were normalized to the same value of C/Au

for monolayers of HS(CH 2)11 CH3 . With this normalization, the C/Au ratio for the pure

monolayer of HS(CH2)2 1CH3 adsorbed from isooctane corresponded to a monolayer 21.5

carbons thick adsorbed from ethanol. For each mixed monolayer we determined an

equivalent chain length of a pure monolayer of an alkanethiol on gold. Finally, we

calculated the composition of the monolayer on the assumption that the composition was a

linear function of the equivalent chain length, i.e. that attenuation of the photoelectrons is

determined only by the mass of the hydrocarbon film per unit surface area and not by the

structure of the film.

Results

HS(CH 2 )21CH 3 + HS(CH 2)nCH 3 Adsorbed from Ethanol. We initially

attempted to form mixed monolayers containing two methyl-terminated thiols of different

chain lengths by adsorbing monolayers onto gold from 1:1 mixtures of HS(CH2)2 1CH3

and HS(CH2 )nCH 3 (n = 6 - 18) in ethanol. All the monolayers were autophobic and the

ellipsometric thickness of the monolayers (Figure 2) was constant, independent of the value

of n. The dotted line in Figure 2 shows the thicknesses expected if the compositions of the
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solution and the monolayer were the same. The observed data indicate the formation of

pure monolayers of HS(CH2)2 1CH3 with no incorporation of the shorter component that

was detectable by ellipsometry. We note that if the formation of the monolayer were under

kinetic control (for example, limited by the rate of diffusion of thiols to the surface) we

would expect the thicknesses to fall below the dotted line in Fig. 2, not above it.

HS(CH 2)2 1CH 3 + HS(CH 2 )1 1CH 3 Adsorbed from Ethanol. From Fig. 2 it is

clear that to form mixed monolayers of different chain lengths from ethanol, we must use

mass action to drive the incorporation of the shorter chain into the monolayer. Figure 3

shows the ellipsometric thickness and the advancing contact angle of hexadecane (HD) on

monolayers adsorbed from ethanolic solutions containing HS(CH2)2 1CH3 and

HS(CH2 )1 1CH 3 in the ratio R = [HS(CH 2)1 CH 3]1so/[HS(CH 2)21 CH3]sol in the range 1

to 100, together with monolayers of the two pure thiols. Both pure monolayers were

autophobic and oleophobic: Oa(HD) = 470 for HS(CH2)2 1CH 3, 0a(HD) = 460 for

HS(CH2)1 1CH 3. The contact angles on the mixed monolayers were lower than on the pure

monolayers and reached a minimum between R = 10 and R = 30. There was a strong

preference for adsorption of the longer thiol. The minimum in the contact angle of

hexadecane occurred at an ellipsometric thickness intermediate between the thicknesses of

the two pure monolayers, but the change in thickness with increasing R was too rapid to

establish from these data the composition of the monolayer that would yield the most

oleophilic surface. The form of the plot of contact angles against R is consistent with our

hypothesis that the two components in the monolayer do not phase-segregate into

macroscopic islands (Figure 1); if they did, each of the islands would be oleophobic, and

we would expect Oa(HD) to be independent of the composition of the monolayer. The

contact angles in Fig. 3 were measured after the gold slides had been immersed in the

adsorption solutions for six days. The contact angles were unchanged after the slides had

been reimmersed in the adsorption solutions for an additional three weeks.

HS(CH 2)2 1CH 3 + HS(CH 2 )11 CH 3 Adsorbed from Isooctane. If the
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Figure 2. Ellipsometric thicknesses of monolayers adsorbed onto gold from 1 mM

solutions in ethanol containing a 1:1 mixture of HS(CH2)2 1CH 3 and HS(CH2)n.ICH 3.

The dotted line represents the thickness expected if the composition of the monolayer and

the solution were the same.
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Figure 3. Monolayers adsorbed onto gold from ethanolic solutions containing mixtures of

HS (CH2)21CH3 and HS (CH2)II CH3: ellipsometric thickness (upper figure) and advancing

contact angle of hexadecane (lower figure) are plotted against the ratio of HS(CH2)1I1CH3

to HS(CH2)21CH 3 in solution. The line in the lower figure has been added as an aid to the

eye; we cannot determine from these data alone the depth of the minimum in 0a(HD).
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preference for adsorption of the longer chain from ethanol is thermodynamic, the

composition of the monolayer should be influenced by the relative chemical potentials of

the two components in solution. Intuitively, we would expect a smaller difference between

the chemical potentials of a long- and a short-chained thiol in a hydrocarbon solvent than in

an alcohol. As a consequence, we might expect to observe a smaller preference for

adsorption of the long chain from isooctane than from ethanol. Mixtures of

HS(CH2 )2 1CH 3 and HS(CH 2)I 1CH 3 were adsorbed onto gold from isooctane. The

values of R were clustered more closely around the minimum in 0 than was the case in Fig.

3 (a preliminary experiment was performed to locate the approximate position of the

minimum in 0). Figure 4 shows the ellipsometric thicknesses of the monolayers, the

intensities of the C(1 s) and Au(4fT/r2) photoelectron peaks in XPS, the advancing contact

angles of water and hexadecane (measured after immersion of the gold slides in the

adsorption solutions for one day), and the advancing contact angle of bicyclohexyl

(measured after immersion for ten days). We observed no significant change in the

advancing contact angles of water and hexadecane between one day's and ten days'

immersion. As we predicted on the basis of thermodynamics, the midpoint in the

ellipsometric thickness and in the XPS intensities -- an approximate gauge of the midpoint

in the composition of the monolayer -- and the minimum in the contact angle of hexadecane

moved to lower values of R, compared to the adsorptions performed in ethanol. We also

note the unexpected observation that the minima in the advancing contact angles of water

and hexadecane occurred at different values of R, and that the minimum in the contact angle

of hexadecane did not coincide with the maximally mixed monolayer (i.e. the monolayer

containing equal amounts of the two components).

The minimum in the contact angle of hexadecane on the monolayers adsorbed from

isooctane appeared to be deeper than on the monolayers adsorbed from ethanol (Figs. 3, 4

and 7). From isooctane, wettable monolayers were formed over a range of R, from ethanol

the minimum values of 0a(HD) were 250 and 180 in two repetitions of the experiment.



Figure 4. Monolayers adsorbed onto gold from mixed solutions of HS(CH2)2 1CH3 and

HS(CH2) 1ICH3 in isooctane. The abscissa represents the ratio of concentrations in

solution on a logarithmic scale. Upper figure: ellipsometric thickness. Middle figure:

intensity of the C(ls) (solid symbols) and Au(4f7/2) photoelectron peaks (open symbols) in

XPS. The areas of the gold peaks have been rescaled for clarity of presentation. The

squares and circles represent two separate series of samples. The samples within each

series were loaded into the spectrometer simultaneously and run sequentially. Lower

figure: advancing contact angles of water (open circles), bicyclohexyl (squares) and

hexadecane (solid circles). The lines have been added as aids to the eye and have no

theoretical significance.
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There are two possible explanations for this difference. First, wettable monolayers can

also be formed from ethanol, but no data points were taken at appropriate values of R.

Figure 7, in particular, suggests that this possibility is unlikely: if wettable monolayers can

be adsorbed from ethanol, the dip in the contact angle of hexadecane would have to be

much sharper when ethanol is the solvent than when the adsorptions are performed from

isooctane. Alternatively, the mixed monolayers adsorbed from isooctane were indeed more

oleophilic than monolayers of the same composition adsorbed from ethanol, possibly

because the outer part of the monolayer was more disordered and liquid-like. In either

case, the nature of the solvent has an effect on the structure of the monolayer, in addition to

shifting the position of the equilibrium between monolayer and solution.

We estimated the composition of the mixed monolayers by comparing the ratio of

the intensities of the C(ls) and Au(4f7/2) photoelectrons, obtained by XPS, with the ratios

from monolayers of pure HS(CH2)n-,CH 3 (adsorbed from ethanol). Figure 5 shows the

C/Au ratios calculated from the data in Fig. 4, together with the equivalent chain lengths, n,

of pure monolayers of alkanethiols. We estimated the composition of the monolayers by

assuming that XC12, the mole fraction of dodecanethiol in the monolayer, was linearly

related to the equivalent chain length. We used the data from XPS rather than from

ellipsometry to calculate the compositions because the data from XPS contained less scatter

and yielded more precise compositions.28 Figure 6 plots the advancing contact angles of

water and hexadecane against XC12 for mixed monolayers of HS(CH 2)1 1CH3 and

HS(CH2)2 1CH3 adsorbed from isooctane. The contact angle of water had a broad,

shallow minimum near XCI2 = 0.5, whereas the contact angle of hexadecane reached a

minimum around XC12 = 0.8 (that is, [CH 3(CH2)llS-]surf/[CH 3(CH2)21S-]surf = 4). The

scatter in the data gives an indication of random errors.

Contact Angles of Dispersive Liquids on Mixed Monolayers of

HS(CH2 )1 1CH 3 and HS(CH 2)nCH 3 Adsorbed from Ethanol. Theories of wetting,

such as Fowkes's application of the geometric mean approximation (see below), predict
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how the contact angles of liquids on dispersive surfaces should vary with the surface

tension of the liquid.9 To test these theories we measured the contact angles of four

dispersive liquids (decane, hexadecane, bicyclohexyl, and ca-bromonapthalene) on mixed

monolayers of HS (CH2 ) 11CH 3 and HS (CH2)21 CH3 adsorbed from ethanol (Figure 7).29

We chose decane as one of these liquids because its size matches the difference in chain

lengths between the two adsorbates.3° Bicyclohexyl and ct-bromonapthalene are liquids

with high surface tensions that would be unable to penetrate into the cylindrical holes left

by a molecule of dodecanethiol (HS(CH 2)1 1CH3) in a monolayer composed predominantly

of docosanethiol (HS(CH2 )2 1CH3). These last two liquids did not wet any of the mixed

methyl-terminated monolayers and hence gave information on interfacial free energies over

the complete range of R.

If the difference between the lengths of the chains of the two thiols were smaller,

we would expect intuitively that the minimum in 0 would move to lower values of R and

the changes in the contact angles would become less pronounced. Figure 8 shows the

ellipsometric thickness and advancing contact angles on monolayers adsorbed from

mixtures of HS(CH 2)15CH 3 and HS(CH 2) 1 1CH 3 in ethanol, a difference of four carbons

in the length of the chain. The minimum in 0 occurs near R = 5, compared to R =15-30

for HS(CH 2)2 1CH 3/HS(CH 2)1 1CH 3, and the changes in the contact angles were smaller

than in the mixed monolayers with a difference of ten carbons in the chain length.

Hysteresis on Mixed Methyl/Methylene Surfaces. We expect the disorder in

the outer part of the mixed monolayers to expose both the terminal methyl groups and the

polymethylene chains at the surface. We are interested in the effect of such microscopic

heterogeneity on the hysteresis in the contact angle. Figure 9 plots the hysteresis in the

contact angle on the mixed monolayers of HS(CH2)nCH3 and HS(CH 2)] ICH3 adsorbed

from ethanol and isooctane. Data were not included in these graphs if the receding contact

angle was zero. The hysteresis in the contact angles of hydrocarbons on monolayers

adsorbed from ethanol was essentially independent of the composition of the monolayers,
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Figure 9. Hysteresis in the contact angles on mixed methyl-terminated monolayers on

gold. Upper Figure: HS(CH2)2 1CH 3 and HS(CH2) 1 CH3 adsorbed from ethanol.

Middle Figure: HS(CH 2)15 CH3 and HS(CH2 )1 CH3 adsorbed from ethanol. Lower

Figure: HS(CH2)2 1CH3 and HS(CH2)IlCH3 adsorbed from isooctane. A cos 0 = cosine

of the minimum receding contact angle minus cosine of the advancing contact angle. Lines

have been added to these graphs purely as aids to the eye. The variation in the hysteresis in

the contact angle of bicyclohexyl in the middle figure may be significant, or may simply

arise from random errors. Estimated limits of error are shown in the lower figure.
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with the exception of bicyclohexyl on the monolayer adsorbed at R = 30. On monolayers

adsorbed from isooctane, the variations in the hysteresis in the contact angle of

bicyclohexyl did not correlate with the changes in the advancing or the receding contact

angle.

ct-Bromonapthalene appeared slowly to cause damage to the thinner monolayers.

As a result, the hysteresis in the contact angle increased gradually from 0.16 on the

monolayer of HS(CH 2)2 1CH 3 to 0.21 on the monolayer of HS(CH 2)IICH 3 . The

hysteresis in the contact angle was not correlated with the contact angle itself: no increase in

hysteresis was observed on the monolayers near the minimum in the contact angle.

The advancing contact angle of water was very insensitive to the composition of the

monolayer, but the hysteresis in the contact angle of water was greater on the mixed

monolayers than on the pure monolayers for all the methyl-terminated systems studied.

HS(CH 2) 1 10H + HS(CH 2)1 90H Adsorbed from Ethanol. In monolayers

comprising mixtures of methyl-terminated thiols of different chain lengths, the disordered

outer phase caused a decrease in the contact angle of hexadecane. Pure monolayers of

HS(CH2 )IlOH or HS(CH2 )19 0H show wetting or near wetting behavior with water

(9a(H20) < 101 and < 150, respectively). In monolayers comprising mixtures of these two

thiols, disorder in the outer part of the monolayer should expose nonpolar methyk.,,e

groups at the surface and cause an increase in the contact angle of water. Figure 10 plots

the ellipsometric thickness and the advancing contact angle of water for mixed monolayers

of HS(CH2)I IOH and HS(CH2)19 0H.6 The contact angle showed a pronounced

maximum supporting our model of a disordered outer phase in the monolayer, and

militating against the formation of macroscopic, single-component domains. Figure I 

plots the contact angles of water against the composition of the monolayer, calculated on

the assumption that the ellipsometric thickness (Fig. 10) was a linear function of the mole

fraction of the shorter thiol in the monolayer, XCI I surf. The standard errors shown were

estimated from the distribution of the differences between the measured thicknesses of the
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aid to the eye.



40

II
0.8

-30 0a

o 0.9
-20

0 20

1.0 •, 0
0.0 0.2 0.4 0.6 0.8 1.0

zC11

surf
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pairs of gold slides immersed in the same solutions.
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monolayers on the two slides in each solution. The maximum in 0 occurred at XCI I

0.5-0.6. At the time these measurements were made, the monolayers had not fully reached

equilibrium. Over a period of several weeks the maximum in the contact angle increased

fromR=6toR- 11.

HS(CH 2 )11 0H + HS(CH 2)2 1CH3 Adsorbed from Ethanol. Although we are

confident that macroscopic islands ( 0.1 gm, vide infra) do not form in the monolayers,

the degree to which small aggregates or clusters of molecules of one species occur is

unclear. To approach this problem we synthesized mixed monolayers of a short, hydroxyl-

terminated thiol and a longer methyl-terminated thiol. The degree to which the polar

hydroxyl group in these mixed monolayers is sensed by a contacting liquid may be a

sensitive function of the distribution of the two components on a molecular length scale.

Figure 12 plots the ellipsometric thickness, XPS intensities, and advancing contact

angles of water and hexadecane, measured after overnight immersion, against the ratio of

the two components in solution. All the experimental quantities measured showed a

dramatic change over a narrow range in composition, R = 7-20. As with the monolayers

comprising two hydroxyl-terminated thiols(above), these monolayers had not reached their

limiting composition when the measurements were made. Figure 13 shows contact angles

measured after reimmersion of the gold slides in the adsorption solutions for an additiona:

nine days. The advancing contact angles of water (filled circles) suggest that the midpoint

in the composition had moved from R = 11 to R = 14 over the previous nine days. The

values of Oa(H20) measured after overnight immersion are shown by the solid line. The

solid bars indicate the values of the maximum advancing 31 and the minimum receding

contact angles of water. We observed large hysteresis in the contact angles on the mixed

monolayers. Figure 13 also shows the advancing contact angles of glycerol on the

monolayers formed after ten days' immersion. Glycerol is a highly polar molecule but is

bulkier and hence more sterically hindered than water. The contact angles of glycerol

suggest that glycerol may be less able than water to penetrate into the monolayer to form



Figure 12. Competitive adsorption of HS(CH2 )1 10H and HS(CH2)2 1CH3 from

solution in ethanol onto gold. Squares and circles represent two separate

experiments. Upper figure: ellipsom.tdc thickness. The dotted line represents the

thickness expected theoretically, using the experimental thicknesses for the pure

monolayers, if [C22]suC [Cl 1] surC22] = 11. Middle figure: areas of the

O(ls) and Au(4f7 2) peaks in the XPS spectra. Lower figure: advancing contact

angles of water and hexadecane. Each symbol represents two data points. With

one exception, the variation in contact angle lay within the size of the symbol on the

graph: an error bar is shown to indicate the difference in contact angles for the

single exception.
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Figure 13. Contact angles on mixed monolayers of HS(CH2)1 10H and HS(CH 2)21 CH 3

measured after immersion of the gold slides in the adsorption solutions for ten days. The

filled circles represent the advancing contact angles of water measured by forming a drop at

the end of a needle, lowering the drop to the surface, and removing the needle. The solid

line shows the values of the advancing contact angle of water on the same slides after they

had only been immersed in the adsorption solutions overnight (from Fig. 12). The solid

bars indicate the values of the maximum advancing and minimum receding contact angles

of water, measured by the technique of Dettre and Johnson.57 The open circles represent

the advancing contant angles of glycerol, also measured akuiZ 10 days. Glycerol was used

to probe the accessibility of the hydroxyl groups to an H-bonding liquid that is more

sterically hindered than water. The drops of glycerol were left for several minutes on the

surface before the contact angles were measured to ensure that the limiting contact angles

had been reached.
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hydrogen bonds to hydroxyl groups that are buried within a monolayer composed largely

of docosanethiol moieties.

Discussion

The relationship between the composition of the monolayer and the

composition of the solution can be rationalized in terms of the relative solubilities of

the two components and the excess free energies of mixing in the solution and in the

monolayer. In all the systems studied, adsorption of the longer chain was preferred over

the shorter chain. The value of R that resulted in a 1:1 mixture of the two components in

the monolayer varied from system to system, and between solvents: R = 2.3 for

HS(CH2)21CH3/HS(CH 2) I CH3 from isooctane; R = 3 for

HS(CH 2)15 CH3/HS(CH 2)1 1CH3 from ethanol; R = 5 for HS(CH2)19OH/HS(CH2)I 10H

from ethanol; R = 11 for HS(CH2)2 1CH3/HS(CH 2) 10H from ethanol; and R = 15 for

HS(CH2)2 1CH3/HS(CH 2)1ICH 3 from ethanol. The monolayers containing only methyl-

terminated components did not exhibit any time-dependence in the contact angles. Those

containing hydroxyl-terminated chains had not reached equilibrium when the contact angles

were measured. The proportion of the longer chain in these monolayers slowly increased

with time.

In the mixed Me/Me monolayers, the preference for adsorption of the longer chain

can be understood intuitively on thermodynamic grounds if one recognizes that, to a first

approximation, the activity of a thiol in a monolayer is similar to that in a crystal, with a

constant additional term to account for the interaction with the gold. The component with

the lower solubility, that is the longer chain, will have a higher activity in solution and

hence will be preferentially adsorbed into the monolayer. A similar argument holds for

mixed monolayers of the two hydroxyl-terminated thiols. Where the tail groups are

different, the nature of the solvent influences both the relative solubilities and the relative
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activities of the two components in the monolayer: preferential adsorption will vary with the

choice of solvent. 5

The relationship between the concentrations of the two components in the

monolayer and in solution was non-ideal. We define a quantity Keq by eq (3)

Keq = [iong surfshort]s(l
[long]sol [short] surf (3)

where [long] and [short] are the concentrations of the longer and the shorter of the two

thiols in solution, or thiolates on the surface. In Figures 5, 10, and 12, the dotted line

indicates the XPS intensities or ellipsometric thicknesses that would be expected if Keq

were a constant given by the value of R for which [long]surf = [short]surf. The solutions

used in these experiments were sufficiently dilute that we may assume that the activity

coefficients in solution were constant. Keq would thus be independent of concentration if

the components in the monolayer also behaved ideally. In each case the change in the

composition of the monolayer with R was much sharper than would be extected if the

monolayer were to act as an ideal two-dimensional solution. By analogy with non-ideal

solutions in three dimensions, 32 these adsorption isotherms could arise if the excess free

energy of mixing of the two components in the monolayer were positive. A positive free

energy of mixing would disfavor monolayers containing a mixture of the two components

with respect to monolayers composed largely of one component.

The composition of the monolayer and the distribution of the two components

within the monolayer are determined by an interplay of enthalpic terms, which favor

ads;orption of a pure monolayer of one or the other species and self-association of the

components within a mixed monolayer, and entropic terms, which drive the formation of

mixed monolayers containing two dispersed components. Disruption of the cohesive

interactions between pseudo-crystalline hydrocarbon chains in a pure monolayer or the
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breaking of hydrogen bonds between hydroxyl groups would both contribute to a positive

enti 'py of mixing. The entropy of mixing can be broken down into three principal

components: an ideal combinatorial term of the form LXiln(i, a positive excess term arising

from the additional conformations available to the polymethylene chains in a disordered,

liquid-like phase compared to the crystalline environment experienced in the pure

monolayers, and a negative excess term arising from self-association of the components in

the monolayer.

The transition from a monolayer composed predominantly of the long component to

one comprising the short component was most abrupt in the mixed monolayers derived

from HS(CH2)1 1OH and HS(CH 2)2 1CH 3. The energy required to isolate hydroxyl groups

in the non-polar environment provided by the alkyl chains of the longer, methyl-terminated

thiol would be very large - several kcal/mol of hydroxyl groups. If the hydroxyl-

terminated thiols were to form small, internally H-bonded clusters (analogous to those in

alkane solvents 33) to reduce the enthalpy of mixing, the entropy of mixing would also be

reduced. In solutions of alcohols in alkane solvents, both the enthalpy and the excess free

energy of mixing are large and positive. 34 Whether the hydroxyl groups are clustered or

not, the transition from a pure monolayer of HS(CH2 )21CH 3 to a monolayer composed

largely of HS(CH 2)1 1OH would be much sharper than predicted for an ideal two-

dimensional solution.

Comparison of excess free energies of mixing also sheds light on the differences

between mixed monolayers of HS(CH2 )1 1CH 3 and HS(CH2)2 1CH 3 adsorbed from

ethanol and isooctane. The enthalpy of mixing of liquid, linear alkanes and isooctane is

positive, but the excess free energy of mixing is small and probably negative. 35 On the

other hand, the excess free energy of mixing of alcohols and alkanes is large and positive,

due to disruption of hydrogen-bonds between alcohols, and orientation of molecules to

avoid hydrophobic contacts. 36 Consequently, Lte difference between the chemical

potentials of HS(CH2)2 1 CH 3 and HS(CH2)1 ICH 3 is likely to be higher in ethanol than in
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isooctane, resulting in a greater preference for adsorption of the longer chain from ethanol

than from isooctane. The unfavorable enthalpy of mixing may also explain, in part, the

apparently greater depth of the minimum in Oa(HD) observed in monolayers adsorbed from

isooctane than from ethanol. We believe that changes in Oa(HD) in this system reflect

changes in the extent of disorder in the surface of the monolayer. In isooctane, entropy

would tend to drive the outer part of the monolayer towards the most chaotic, liquid-like

state. In ethanol, the positive enthalpy of mixing and negative excess entropy of mixing of

the solvent and the alkyl chains would both act in the opposite direction and favor dense

clusters of the alkyl chains. Such clustering might plausibly result in higher contact angles

with hexadecane. 37 This clustering would have to arise from a different distribution of the

components in the monolayer, not merely from differences in the structure of the outer

phase of the monolayer: reconstruction of the fluid outer phase upon removing the

monolayer from solution is probably very rapid.

Preferential adsorption of longer chains supports thermodynamic control over

the adsorption process. In these experiments the concentrations of the adsorbates in

solution were sufficiently low that the adsorbates were monomeric. 33 The methyl-

terminated thiols do not have strongly bound solvation shells that could affect diffusion

rates. Consequently, a shorter thiol diffuses to the surface slightly faster than a longer

thiol. Steric constrairts to adsorption should increase with increasing chain length. Since

the reactivity of the thiol group is the same for all the adsorbates, it is difficult to conceive

of an adsorption mechanism that would lead to a kinetic preference for the longer chain.

In fact, we would expect kinetics to favor adsorption of the shorter chain.

Thermodynamically, cohesive interactions between hydrocarbon chains favor adsorption of

the longer chains. As the difference in chain length increased (compare Figs. 3 and 8), so

did the preference for adsorption of the longer chain, consistent with the greater difference

in the cohesive interactions between chains in monolayers of the pure components. 38
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The adsorption isotherms of mixtures of HS(CH2)1 1CH 3 and HS(CH2)2 1CH3 in

ethanol and isooctane were very different. There is no obvious kinetic rationale for such a

difference. Thermodynamically, the greater preference for adsorption of the longer chain

from ethanol is a direct consequence of the poorer solvation of hydrocarbon chains in

ethanol compared to isooctane (vide supra). 39

Although the preference for the adsorption of the longer chain is most easily

reconciled with predominantly thermodynamic control over the composition of the

monolayer, there were indications of a kinetic component in the compositions of some of

the monolayers (Fig. 13). The slow change in some systems with time -- involving

incorporation of more of the long-chain component -- suggests that the composition "frozen

in" after the presumptive initial equilibration was partially influenced by the large excess of

the shorter chain in solution. A monolayer produced with some kinetic contribution would

contain more of the shorter chain than would be present at equilibrium, and would thus

slowly incorporate more of the longer chain as it moved towards thermodynamic

equilibrium. The slow progress towards the equilibrium composition is consistent with the

rates of displacement of the components in fully-formed monolayers by thiols in solution. 5

It is not clear why the monolayers that contained hydroxyl groups showed time-dependent

behavior whereas the methyl-terminated systems reached their limiting properties upon

overnight immersion. We note that mixed monolayers of eleven-carbon thiols appeared to

reach their limiting compositions after overnight immersion under comparable adsorption

conditions.

Mixed monolayers do not phase-separate into macroscopic islands. The

pronounced minima in the contact angles of hexadecane on mixed methyl-terminated

monolayers is strong evidence against formation of large, single-component domains. If

islands more than a few tens of A across were predominant on the surface, the wetting

properties of the monolayer would be determined by molecules within the islands and no'
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by those at the domain boundaries. Since the methyl groups in each island would be

expected to be ordered and well-packed, the mixed monolayers would exhibit the wetting

properties of the pure monolayers i.e. the mixed monolayers would be oleophobic (Figure

1).

The next question is: To what extent is the distribution of the components in the

monolayer non-statistical? The oleophilicity of the mixed monolayers of HS(CH2)1 1CH3

and HS(CH 2)2 1CH 3 adsorbed from isooctane implies that, at least in the concentration

regime around XC12 = 0.8, the components are dispersed and the outer part of the

monolayer is disordered and liquid-like. In a liquid-like regime the docosanethiol moieties

would not interact strongly with each other (particularly when in contact with the liquid

from which they were adsorbed) and would therefore probably be randomly dispersed in

order to maximize the entropy. Intuitively, we might expect the minimum in 0(HD) to

occur near XC12 = 0.5, the maximally mixed monolayer. The actual minimum was

observed near XC12 = 0.8, suggesting that there may be some order in the outer part of the

monolayer at lower concentrations, perhaps due to the formation of small clusters of

HS(CH 2)2 1CH 3. The apparent difference in the depth of the minima in O(HD) on the

monolayers adsorbed from ethanol and isooctane may also have arisen from variations in

the distribution of the components of the monolayer on a molecular length scale. On the

other hand, the differences between the contact angles of decane and hexadecane on mixed

monolayers of HS(CH2)2 1CH 3 and HS(CH2)1 1CH3 at low XC12 (vide infra) require that

the HS(CH2 )1 1CH 3 moieties are isolated in the monolayer: if they were clustered, selective

interactions with decane would not occur.

We reiterate that entropy favors dispersion of the two components at all

concentrations. In both ethanol and isooctane, enthalpy favors domains comprising only

one component. A balance between these two opposing forces can result in a non-random

distribution of the components within the monolayer. The formation of large, single-

component domains cannot occur under thermodynamic control in the systems studied
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here: the formation of a pure monolayer of one or the other component would be prefrred.

Phase-segregation could occur only if a non-equilibrium composition were kinetically

trapped, with subsequent lateral diffusion leading to the formation of islands on the

surface. We believe, however, that the monolayers do reach, or at least approach,

thermodynamic equilibrium before exchange between the monolayer and the solution

becomes so slow that the composition of the monolayer is kinetically trapped.

A full understanding of the contact angles on mixed methyl/methylene surfaces

probably requires consideration of the microscopic roughness of the surface and the

entropy of mixing at the monolayer-liquid interface, in addition to dispersive

interactions between the phases. (1) Structure of the monolayers. The contact angles

of hydrocarbon liquids on monolayers comprising two methyl-terminated thiols with

different chain lengths suggest that the outer part of these monolayers are at least partially

disordered. Alkyl chains cannot be ordered at the monolayer-air interface without being

densely packed. It is unlikely that the two components would be densely packed without

forming single-component domains.!0 Since pure monolayers of long-chain, methyl-

terminated thiols on gold are oleophobic (Oa(HD) = 470), each single-component domain

would expose an oleophobic methyl surface. Consequently, the whole monolayer would

be oleophobic, independent of composition. If the two components in mixcd monolayers

of methyl-terminated thiols were dispersed on a molecular scale, the surface would expose

a mixture of methyl and methylene groups. As the surface became progressively more

disordered, it would start to resemble a liquid, linear alkane. Since any liquid wets itself,

we would expect a concomitant decrease in the contact angle of hexadecane. The contact

angle of hexadecane was lower on the mixed surfaces than on the pure monolayers for all

three methyl-terminated systems, confirming that the components in the monolayer were

dispersed and the outer part of the monolayer was disordered. The decrease in contact

angle was particularly marked on mixed monolayers of HS(CH2 ) I CH 3 and
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HS(CH2)2 1CH 3 adsorbed from isooctane. Over a narrow range of concentration near R =

5 the hexadecane wet the monolayers. At the minimum in the contact angle, the free

energy of the surface resembled that of a liquid paraffin: bicyclohexyl, a liquid with a

higher surface tension (p,, = 32.4 mN/m compared to 27.2 mN/rn for hexadecane 41 ) did

not wet the surface.

(2) Geometric mean approximation. Fowkes has proposed a theoretical model 12

for evaluating contact angles at interfaces in which the interaction between the two phases is

dominated by dispersion forces. His approach assumes that the liquid and solid interact

enthalpically purely through Van der Waals interactions and that the ratio of the interfacial

entropy42 to enthalpy is constant. Fowkes used the geometric mean approximation to

express the solid-liquid free energy in terms of the liquid-vapor and solid-vapor free

energies: for a purely dispersive system

ysl = Ysv + ?iv -2(ysvyiv) 1/2  (4)

If Ysv is known, then cos 0 can be predicted from Young's equation (eq (1)). Iffysv is

unknown, the geometric mean approximation predicts that, for a range of liquids, cos 0

should scale as (iv) -1 2. This theory only incorporates entropic terms that adhere at least

approximately to the geometric mean combining rule. The entropy of mixing at the

monolayer-liquid interface cannot be predicted by such a theory since there is no

contribution to Ysv or YIv from entropy of mixing. The contact angles of a series of

structurally similar liquids with different surface tensions (e.g n-alkanes or n-alcohols) on

pure methyl surfaces follow the predictions of the geometric mean approximation. 3 The

advancing contact angles on mixed monolayers of HS(CH2)1 1CH 3 / HS(CH2)21CH3 and

HS (CH2)1 I CH 3 / HS (CH2)15 CH3 were also self-consistent within the theory, with the

exception of the contact angles of water in both systems, and the contact angles of decane

on the C22/C 12 monolayers (Figs. 7 and 8). We used the geometric mean approximation
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and the advancing contact angles of hexadecane (or bicyclohexyl for the monolayers that
iDwere wet by hexadecane) to calculate Ysv and ^Is, on mixed monolayers of HS(CH2)2 1CH3

and HS(CH2)1 1CH3 adsorbed from isooctane (Figure 14). 43 One of the corollaries of the

geometric mean approximation is that, for the systems studied here, changes in the contact

angle are dominated by changes in Ysv, not Ysl. Hexadecane, bicyclohexyl and CC-

bromonapthalene have different molecular shapes and might be expected to interact

differently with the surface of the monolayer. Within the geometric mean approximation,

Ysi is small and always positive. Since specific interactions can only perturb Ysi, such

effects should not have a major influence on the measured contact angle.

(3) Extensions to the theory of Fowkes . The theory of Fowkes makes two

implicit assumptions that are almost certainly untrue for the systems studied here. The first

is Lhat the surfaces of the monolayers are planar and hence that changes in the surface

tension of the solid derive from changes in the polarizability of the surface. The second is

that there is no entropy of mixing at the solid-liquid interface.

An alternative perspective on ysv, which may be more useful, is to regard the

interfacial tension as fixed (since methyl and methylene groups have comparable volume

polarizabilities44 ) and allow the area of the exposed molecular surface to vary by

incorporating a roughness factor r. In disordered, liquid-like monolayers we would expect

the area of the exposed van der Waals surface to be greater than in an ordered, densely-

packed methyl surface and the value of r to be correspondingly higher. The higher the

value of r, the lower the contact angle.45 If we then apply the geometric mean

approximation to the true interfacial tension we obtain the same (-A,) -1/2 functional

dependence of cos 0.

This alternative approach still does not account specifically for interfacial entropy.

There are two contributions to the entropy of the solid-liquid interface that might be

expected to influence the contact angles. For hexadecane on pure methyl-terminated

monolayers the interfacial entropy is probably small. On a mixed monolayer, the
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Figure 14. Interfacial tensions on mixed monolayers of HS(CH2 )2 1CH3 and

HS(CH2) 11CH3 adsorbed from isooctane, calculated using the geometric mean

approximation. Solid symbols: interfacial tension between the surface and hexadecane.

Open symbols: surface tension of monolayer calculated from the contact angles of

bicyclohexyl (R= 4, 6) and hexadecane (other data points).
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hexadecane dissolves in the liquid-like outer part of the monolayer, giving rise to a

comoinatonal contribution to the entropy. An increase in the number of conformations

energetically accessible to the chains on the surface increases the conformational entropy of

the interface. These entropic contributions could be of comparable size to the observed

changes in surface free energies: for example, NAkln2 (the molar entropy of mixing of

equal quantities of two ideal liquids) converts to a surface free energy of 14 mN/m at room

temperature. If the entropy of mixing is important then, contrary to the model of Fowkes,

changes in ysl play a major role in determining changes in the contact angle.4 6 A corollary

of including entropy terms in ysl is that ysl would become negative on many of the mixed

monolayers.47

(4) Shape-selective interaction between the monolayer and the solvent. The

shape of the decane molecule approximately matches the vacancies created in a monolayer

of HS(CH2 )2 1CH 3 by the incorporation of HS(CH2)1 1CH 3. If molecules of decane were

to fill in these holes, the resulting surface would approximate a pure methyl surface. On

mixed monolayers of HS(CH 2)1 ICH3 and HS(CH2 )15 CH 3 (Fig. 8), the contact angles of

decane followed the pattern expected on the basis of the contact angles of hexadecane and

the respective surface tensions. On mixed monolayers of HS(CH2) 1ICH3 and

HS(CH 2)2 1CH 3, however, the contact angles of decane deviated markedly from the

prediction of the geometric mean approximation. As R increased and Oa(HD) decreased,

the contact angle of decane initially did not change (Fig. 7). This behavior is shown

graphically in Figure 15 which plots (cos 0 [decane(R)] - cos 0 [decane(R = 0)]) against the

corresponding change in the contact angles of hexadecane. The filled circles represent data

obtained when R was less than the value that yielded the minimum in the contact angle of

hexadecane, and were derived from several experiments. Data with R greater than this

minimum point are shown by open circles. For most data in this regime the contact angle

of decane was zero and these points are not included in the figure: the two valid data points

fall on the same line as the data from the mixed monolayers of HS(CH 2)1I CH3 and
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Figure 15. Changes in the advancing contact angles of decane and hexadecane on mixed

monolayers of methyl-terminated alkanethiols. Acos 0 = (cos 0 at composition R) - (Cos

0 at R = 0). Filled circles represent data for monolayers adsorbed from mixed solutions of

HS (CH2) I ICH3 and HS (CH2)21 CH3 in ethanol and isooctane, in which the contact angles

were decreasing with increasing ratio of HS (CH2)1I ICH3 to HS (CH2)21ICH 3 in solution.

Open circles represent monolayers from the same systems in which the contact angle was

increasing with increasing ratio of HS(CH2)I ICH3 to HS(CH2)21CH3 in solution. There

are very few data in this range because the contact angle of decane was zero on most of

these monolayers. The open squares represent monolayers adsorbed from mixed solutions

of HS (CH2)15CH3 and HS (CH2)1I CH3 in ethanol. There was no experimental difference

between the two concentration regimes for this system.



27

HS(CH 2)15 CH3 (open squares) and are in accord with the geometric mean approximation

tor ysi. The data represented ty solid circles can be described by two intersecting straight

lines. At low R, Oa(decane) did not change with decreasing Oa(HD). Once about 20% of

the monolayer was composed of HS(CH2)i ICH3 moieties, 0a(decane) started to decrease:

at higher R, the data followed a straight line parallel to the open symbols. The anomalous

behavior of the contact angle of decane on monolayers of HS(CH2)2 1CH3 admixed with

some HS(CH2 )I 1CH 3 suggests that decane was able to intercalate into voids in the

monolayer. The resulting monolayers would be densely packed and would present a

surface comprised essentially of methyl groups.

(5) Why might the contact angles of decane and water deviate from the theory

of Fowkes? If the molecules of decane only intercalate into the monolayer at the

monolayer-liquid interface, then, within the geometric mean approximation, the effect on

the contact angle of incorporating decane into the mixed monolayer should be minimal,

since ysl = 0 for decane on both a pure methyl and a disordered methyl/methylene surface.

In order to explain the observed plateau in O(HD) at low R, the decane would also have to

penetrate into voids at the monolayer-vapor interface. The contact angles of decane were

measured under dry spreading conditions, so it is unlikely that the decane was incorporated

into the monolayer before the drop was placed on the surface.48 One could explain the

observed data if a precursor film extended beyond the edge of the advancing drop.

Molecules of decane in this film could penetrate into holes in the monolayer, with the

energy of this process being dispersed in the advancing film. Precursor films have,

however, only been established for the case 0 a -- 0, a condition that does not hold here.14

The contact angles of decane can be understood if the solid-liquid interfacial entropy

plays an important role in the lowering of ysi on the mixed monolayers. If molecules of

decane plug the holes in the monolayers of HS(CH 2)2 1CH3 , and essentially become a part

of the monolayer, then there is no entropy of mixing between the densely-packed mixed

monolayer incorporating decane and the supernatant decane, and hence no change in the
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equilibrium contact angle. The question of how the energy of reaction (for the insertion

et molecules of decane into the monolayer) is dissipated remains unclear.49

The advancing contact angle of water was remarkably insensitive to variations in the

structure of the surfaces of the .mixed monolayers of methyl-terminated thiols. Fowkes's

theory, based on the assumption that the liquid and solid interact enthalpically through

dispersive forces alone, predicts a maximum range of 9' in the colita:t aiigic of water 50 on

the monolayers adsorbed from HS(CH2)11 CH3/HS(CH 2)2 1CH 3 in isooctane, compared to

the 3-4' range observed in the advancing contact angle. There are several ways of

explaining this discrepancy. First, it might be an experimental artifact. The hysteresis in

the contact angle of water was higher on the mixed surfaces than on the pure monolayers

(see below). Consequently, the true, equilibrium contact angle might follow the predicted

behavior even though the advancing contact angle did not. Second, it might reflect

microscopic roughness. Let us assume the measured contact angles are close to the

thermodynamic values. Then an increase in Ysv with increasing R must be matched by a

corresponding increase in Ysl. Such an increase could result from a greater area of

(unfavorable) contact between the monolayer and water on mixed monolayers than on the

pure monolayers. Third, it might arise from entropy of mixing. Alkanes and water are

immiscible. If entropy of mixing is an important contributor to the decrease in the contact

angles of hydrocarbons on the mixed monolayers, then a smaller change in 0 should be

observed with water since there is little entropy of mixing at the monolayer-water interface.

The different positions of the minima in the contact angles on mixed monolayers of

HS(CH 2)1ICH 3 and HS(CH2 )2 1CH 3 (near XC12 = 0.5 for water, XC12 = 0.8 for

hexadecane) demonstrate that the molecular interactions at the monolayer/water interface

and the monolayer/hydrocarbon interface are different.

The hysteresis on mixed monolayers of methyl-terminated thiols is not

consistent with models based on macroscopic heterogeneity. We observed some

hysteresis in all the contact angles on the mixed methyl/mrethylene surfaces (Figure 9). For
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surfaces on which the receding angle was nonzero, the hysteresis with nonpolar liquids

was, with a tew exceptions, essentially constant, independent of the degree of disorder in

the outer part of the monolayer film. The behavior of bicyclohexyl (BCH) differed slightly

from the other hydrocarbons. On the mixed monolayers adsorbed from isooctane the

hysteresis in 0(BCH) was not correiated with the advancing contact angle but did show

variations beyond the limits of experimental error. On the monolayer adsorbed from 30:1

HS (CH 2) 1 CH3/HS (CH 2)21CH3 in ethanol, the receding edge of a drop of bicyclohexyl

tended to be pinned and the resulting hysteresis was greater than on the other monolayers.

The absolute size of the hysteresis of the dispersive liquids, expressed as cosines,

inc, eased with increasing surface tension. In contrast to the dispersive liquids, the

advancing contact angle of watwr was relatively insensitive to the structure of the surface,

but the hysteresis in the contact angle of water was greater on the mixed surfaces than on

the pure methyl surfaces. Recalling the results from the companion paper,5 we c

summarize our observations on hysteresis as follows:

(i) on well-packed surfaces composed of polar and non-polar components, the

advancing contact angle of water is sensitive to the composition of the surface, but the

hysteresis in the contact angle is constant.

(ii) on disordered surfaces comprising methyl and methylene groups, the advancing

contact angle of water is insensitive to the structure of the surface, but the hysteresis is

greater on the disordered surfaces.

(iii) on disordered surfaces comprising methyl and methylene groups, the

advancing contact angles of dispersive liquids are very sensitive to the structure of the

surface, but the hysteresis is approximately invariant.

Current theories of wetting explain hysteresis by roughness or heterogeneity on a

macroscopic scale ( 0.1 im).8 The mixed monolayers studied here are homogeneous on

that length scale. It will be necessary to develop a microscopic theory to explain hysteresis

in these systems.
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The components in mixed monolayers of hydroxyl-terminated thiols are

dispersed on a molecular scale. In light of the pronounced minimum in the contact angles

of hexadecane on mixed monolayers of HS(CH2 )1 1CH3 and HS(CH2 )2 1CH 3, we

anticipated that we would observe a pronounced maximum in the contact angle of water on

mixed monolayers of HS(CH 2)I 1OH and HS(CH2 )19 0H. As Figure 10 showed, these

expectations were borne out. Pure hydroxyl-terminated thiols adsorbed from ethanol onto

gold and formed hydrophilic monolayers that were wetted or nearly wetted by water

(Oa(H20) < 150 for HS(CH2)19 0H; 0a(H20) < 10' for HS(CH 2)llOH). Ifthe two

components in the monolayer were to form macroscopic islands, the resulting mixed

monolayers would still be wet by water. If, however, the two components were dispersed

or aggregated into small (- a few angstroms across) clusters, then the outer part of the

monolayer would become disordered and the nonpolar methylene groups of the

hydrocarbon backbone would be exposed. The sharp maximum in the contact angle of

water confirms the latter model. We expect the maximum in the contact angle to occur

when the greatest number of methylene groups and the fewest hydroxyl groups are

exposed at the surface. A monolayer composition comprising ca. 60% short chains and

40% long chains (Figure 11) is very reasonable for the maximum in contact angle. At

lower R, a large proportion of the surface comprises the hydroxyl termini of the long

chains, whereas at higher R there are too few hydrocarbon chains to shield effectively the

hydroxyl termini of the short chains from the molecules in the water drop (Figure 16). The

maximum contact angle of water is similar to that observed on a well-packed monolayer

composed of -60% hydroxyl and 40% methyl-terminated thiols.5,5 1 If we assume that the
Cl]

mixed monolayer with the highest contact angle (Xsurf = 0.6) exposes 60% hydroxyl

groups and 40% methylene chains at the surface, then it is implausible that single-

component clusters could be more than -10-20 A across.



Figure 16. Schematic illustrations of monolayers adsorbed onto gold from solutions of

HS(CH 2)110H and HS(CH 2)19 0H in ethanol. (A) Pure monolayer of HS(CH2)19 0H;

(B) monolayer containing 25% HS(CH2)IIOH; (C) monolayer containing 50%

HS (CH2)110H, near the maximum in contact angle; (D) monolayer containing 75%

HS (CH 2) 11 OH; (E) pure monolayer of HS (CH 2)11 OH.
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The contact angles on mixed monolayers of HS(CH2)I IOH and HS(CH2)21 CH3

suggest that the hydroxyl-terminated thiol may aggregate into small clusters when it is

the minor component in the monolayer. Of all the monolayers presented in this study,

the mixed monolayers of HS(CH 2)1  OH and HS (CH2 )2 1CH 3 showed the most dramatic

variations in composition and contact angles with the composition of the solution. Over the

narrow range of R = 7 to 20, the composition of the monolayer changed from almost

exclusively HS(CH2)2 1CH 3 to largely HS(CH2)1 IOH with only a few pendant chains of

HS(CH2 )2 1CH 3 extending above the surface. The energy required to bury a hydroxyl

group in the nonpolar environment within a monolayer of HS(CH2 )2 1CH 3 is probably very

high (comparable to the strength of a hydrogen bond: -5 kcal/mol) and strongly disfavors

incorporation of small amounts of the hydroxyl-terminated thiol into the monolayer. In

mixtures of alcohols and alkanes in solution, the alcohols are aggregated even at very low

mole fractions (XOH = 0.01). 33 By analogy, in monolayers in which the hydroxyl-

terminated thiol is the minor component, the alcohol groups are probably arranged in small,

internally H-bonded clusters. In monolayers composed largely of the hydroxyl-terminated

thiol, the absence of cohesive interactions between hydrocarbon chains, which favor

adsorption of the longer chain at lower R, result in little incorporation of HS(CH2)2 1CH 3

into the monolayer. We note, however, that at sufficiently low concentrations of one

component in the monolayer, the combinatorial entropy of mixing (which scales as XlnX)

can dominate enthalpic terms (which scale as X). The contact angles of water suggest that

even at R = 200 some small amount of HS(CH 2)2 1CH3 was incorporated into the

monolayer.

Comparison of the contact angles measured on the mixed monolayers of

HS(CH2 )1 1OH and HS(CH2 )2 1CH 3 with those on other monolayers provide clues about

the extent of aggregation of the hydroxyl-terminated chains in the monolayer. The

composition of the solution that yielded an equimolar mixture of the two components on the

surface (Xi/2) was R =1 1.52 Consider first the contact angles of hexadecane. At XI/2,
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ea(HD) = 250. This value is similar to the contact angle (Oa(HD) -30 °) on a mixed

monolayer of HS (CH2)2 1CH 3 and HS(CH2 ) 11 CH 3 at X 1/2, suggesting that hexadecane

interacted only with the nonpolar chains of HS(CH 2)2 1CH3 and did not sense the hydroxyl

groups buried below. For comparison, hexadecane wet a mixed monolayer of

HS(CH2 )10CH3 and HS(CH2)IlOH at Xi/2.5

At X12 ,0a(H20) = 700. This value is much lower than the contact angle of 1090

observed on the comparable monolayer adsorbed from HS(CH2)2 1CH3 and

HS(CH2 )1 1CH 3 in isooctane, but higher than the angle of 500 on a mixed monolayer of

HS(CH2)10 CH 3 and HS(CH2)11OH at X1/2. These data suggest that water could sense the

hydroxyl groups in the mixed monolayers of HS(CH2)2 1CH3 and HS(CH 2)I 1OH, but that

the alcohols were shielded somewhat from the water by the hydrocarbon chains of the

docosanethiol moieties. Previously we have synthesized monolayers containing polar

functional groups buried within the interior of a hydrocarbon film by adsorbing

unsymmetric sulfides CH 3(CH2)nS(CH 2)1oCO2H onto gold.53 In these monolayers the

tail groups are unable to separate into discrete polar and nonpolar phases. The contact

angle of water on a monolayer of CH 3(CH2)2 1S(CH 2)10C0 2H, in which a long methyl-

terminated alkyl chain buries the polar carboxylic acid, was Oa(H20) - 1000: water barely

sensed the presence of the polar functional group. We infer that the hydroxyl groups were

more accessible to the supematant water in mixed monolayers of HS(CH2)2 1CH3 and

HS(CH 2)1 IOH than were the carboxylic acid groups in the monolayer of the unsymmetric

sulfide. At lower values of R, the water still sensed the hydroxyl groups in mixed

monolayers of HS(CH2)2 1CH 3 and HS(CH 2)1IOH: e.g. at R = 8 the monolayer contained

about 30% hydroxyl-terminated chains and had a contact angle with water of 101 , similar

to the mixed sulfide but still lower than the mixed monolayers of methyl-terminated thiols.

A structure comprising small, internally H-bonded clusters of hydroxyl-terminated chains

in a sea of disordered, methylene chains is consistent with these data. Such clusters would

be accessible to fingers of water penetrating into the monolayer, but must be sufficiently
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small that they can be shielded from the hexadecane by the hydrocarbon chains of adjacent

docosanethiol moieties. We note that in previous studies of monolayers of o -

mercaptoethers on gold, water sensed the polar groups at greater depths below the surface

than did hexadecane. 22

If the two components did form small clusters on the surface, some effect might be

evident in the hysteresis in the contact angle of water. After the slides had been immersed in

the adsorption solutions for 10 days, we measured the maximum advancing and minimum

receding contact angles of water and remeasured the advancing contact angles of water

(Fig. 13). The difference between the maximum advancing and minimum receding contact

angles was much greater on the mixed monolayers than on the pure methyl surface.

Similar behavior was also observed on mixed methyl-terminated monolayers, so this

increase in hysteresis may just be a consequence of disorder in the polymethylene chains,

or it may reflect some other aspect of the structure. Unfortunately, our understanding of

hysteresis is not sufficiently complete to interpret fully data such as these.

Figure 13 also shows the contact angles of glycerol on the mixed monolayers of

HS(CH2 )2 1CH 3 and HS(CH2)I 1OH. Glycerol, like water, forms strong H-bonds with

alcohols but its larger size limits its ability to penetrate into small crevices in the monolayer

in order to reach hydroxyl groups buried beneath the surface. The advancing contact angle

of glycerol at low R was less than that of water. As R increased the contact angle of water

dropped faster than that of glycerol, so that at intermediate R glycerol exhibited the higher

contact angle. At higher R the contact angles of the two liquids converge as both wet the

pure hydroxyl surface. These data suggest that glycerol was able to sense the hydroxyl

groups but may have interacted less strongly with them than water did. This interpretation

would be consistent with the hydroxyl groups being isolated or in small clusters but would

not support the existence of domains more than a few angstroms across.

It may not be possible to form monolayers containing isolated alcohols (or another

protic functional group) in a nonpolar environment under thermodynamic control. There are
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alternative approaches to this problem. For example, an alcohol group could be generated

by a chemical reaction after assembly of the monolayer.54 Alternatively, one could use

monolayers that are more likely to assemble under kinetic control, such as

alkyltrichlorosilanes on silicon. The range of functional groups that are compatible with

trichlorosilanes is, however, much smaller than for thiols.

Contact angles are more sensitive than optical ellipsometry or X-ray

photoelectron spectroscopy to certain small structural changes in monolayers. In

monolayers in which the two components have the same chain length, ellipsometry is not a

useful probe of the composition of the monolayer. Contact angles are sensitive to the

composition so long as the wettability of the two tail groups is different, but are in general a

non-linear function of the composition of the monolayer and cannot be used for

quantitation. XPS is the only one of the three techniques that provides a quantitative

measure of the composition of these systems. The sensitivity of XPS is comparable to that

of contact angles when the component carrying the XPS tag is at low concentration. At

higher concentrations, the errors in the acquisition and processing of the XPS data reduce

the accuracy of the compositions and hence the ability to discriminate between two

monolayers that differ slightly in composition.55 For most of the systems studied in the

preceding paper the sensitivity of the contact angle to changes in composition also

decreased at high xP.

In monolayers containing two thiols with different chain lengths, the errors in XPS

(particularly in the C/Au ratio) are less than in ellipsometry so more precise compositions

can be calculated. Greater approximations are made in the analysis of the XPS data,

however, which reduce the accuracy of the computed compositions. If one of the tail

groups contains a heteroatom (or the tail groups contain different heteroatoms) the intensity

of the photoelectrons from the heteroatom provides another estimate of composition. In

these monolayers with mixed chain lengths, contact angles can detect subtle variations in
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the monolayer that are buried deep in the noise in ellipsometric measurements or X-ray

photoelectron spectra. Two examples illustrate this point. The contact angle of hexadecane

on monolayers adsorbed from a solution of HS(CH2)2 1CH3 and HS(CH2 )1 1CH3 in

isooctane at R = 100 was 430 compared to 470 on the monolayer adsorbed from pure

HS(CH2 )I 1CH3. At the same value of R, mixed monolayers of HS(CH 2)2 1CH3 and

HS (CH2) IIOH yielded a contact angle of water of 140 compared to 70 on the pure

hydroxyl-terminated monolayer. In neither case could we detect any significant difference

by XPS or ellipsometry between the monolayers at R = 100 and R = o,.

Conclusions

1) Mixed monolayers of thiols on gold containing two components of different

chain length provide a convenient means of constructing interfaces with a controlled degree

of disorder. The structure of the interface can be varied further by changing the nature of

the tail groups or by introducing functional groups into the hydrocarbon chains that form

the backbone of the monolayer.

2) The composition of monolayers adsorbed from solutions containing mixtures of

thiols appears to be determined largely by thermodynamics, although the mechanism by

which the components in the monolayer and in solution equilibrate remains unclear. There

are numerous pieces of evidence in this and the preceding paper that suggest that the

components in the monolayers are at, or near, thermodynamic equilibrium with the

adsorption solutions at some stage during the adsorption process. Among the most

compelling observations are the preferential adsorption of longer chains over shorter

chains; the dramatic variation in the composition of the monolayer with the nature of the

solvent, even when there are no specific interactions between the adsorbates and the

solvent; and the strong preference for the adsorption of the minor component from a

solution containing two structurally-similar thiols (HS(CH 2)10 CH3 + HS(CH2) 1 OH in
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isooctane). 56 Since there is no reason why the rate of reaction of a physisorbed thiol with

the gold surface, presumably to give a surface thiolate, should depend on the chain length

or tail group, it is difficult to construct a kinetic rationale for these observations.

In contrast to the shorter chains studied in the preceding paper,5 some of the

systems incorporating longer chains showed a kinetic component in their compositions.

The initial compositions of monolayers containing hydroxyl-terminated chains comprised

more of the shorter chain than would be present at thermodynamic equilibrium with the

adsorption solutions. With time, more of the longer chain was slowly incorporated by

displacement of the components of the monolayer by thiols in solution.

The relationships between the compositions of monolayers and the solutions from

which they are adsorbed are non-ideal. Monolayers containing comparable amounts of the

two components are disfavored relative to monolayers composed largely of a single-

component. The adsorption isotherms can be understood qualitatively on the assumption

of thermodynamic equilibrium between the monolayer and the adsorption solution, and

consideration of excess enthalpies and entropies of mixing.

3) The components in the monolayer do not phase segregate into macroscopic

islands. Any clusters that do form are no more than a few tens of angstroms across. It is

unlikely, however, that the two components are randomly dispersed throughout the

monolayer. There is some evidence for aggregation on a molecular length scale, but it is

difficult to derive a detailed picture of the distribution of the two components in the

monolayer.

4) We attempted to model the wettability of the mixed monolayers of

HS(CH 2) I1CH 3 and HS(CH2)nCH 3 by the approach of Fowkes, who employed the

geometric mean approximation to estimate the solid-liquid interfacial free energy. Although

reasonable agreement was found for hexadecane, bicyclohexyl and cc-bromonapthalene,

there were significant differences between the theoretical predictions and the observed

contact angles of water and decane. Fowkes's model applies to planar interfaces in which
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there is no entropy of mixing between the solid and the liquid. We believe that a detailed

model of the wettability of these mixed monolayers must incorporate entropy. The relative

importance of enthalpic and entropic terms, and how best to incorporate entropy into a

coherent theory remain unclear.

5) One of the more surprising aspects of the data on mixed monolayers was the

manner in which the hysteresis in the contact angle varied with the nature of the probe

liquid and the structure of the monolayers. These variations cannot be understood on the

basis of macroscopic heterogeneity, since no such heterogeneity exists in these systems.

We feel that hysteresis contains much information about the structure of the surface, but, in

the absence of a microscopic theory, we can only interpret hysteresis by comparison of a

number of different systems.
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Figure Captions

Figure 1. Schematic illustration of monolayers of thiols on gold. (A) Pure monolayer of

docosanethiol. (B) Mixed monolayer of docosanethiol and dodecanethiol near the

composition that yielded the lowest contact angles with hexadecane. (C) Pure monolayer of

dodecanethiol. (D), (E), (F) Structures that we believe do not occur in the monolayers

studied here. (D) Mixtures of docosanethiol and dodecanethiol phase-separated into islands

that have the properties of the pure monolayers are not consistent with the observed contact

angles. (E) An oriented monolayer with the two components dispersed on a molecular

scale is unstable relative to (B). (F) Hairpin loops in the thiol with the longer chain are

energetically unstable with respect to incorporation of additional molecules of a thiol into

the monolayer.

Figure 2. Ellipsometric thicknesses of monolayers adsorbed onto gold from 1 mM

solutions in ethanol containing a 1: 1 mixture of HS(CH2)2 1CH 3 and HS(CH2)n_ ICH 3.

The dotted line represents the thickness expected if the composition of the monolayer and

the solution were the same.

Figure 3. Monolayers adsorbed onto gold from ethanolic solutions containing mixtures of

HS(CH 2 )2 1CH 3 and HS(CH 2)IICH 3: ellipsometric thickness (upper figure) and advancing

contact angle of hexadecane (lower figure) are plotted against the ratio of HS(CH 2) I CH3

to HS(CH 2 )2 1CH 3 in solution. The line in the lower figure has been added as an aid to the

eye: we cannot determine from these data alone the depth of the minimum in Oa(HD).



Figure 4. Monolayers adsorbed onto gold from mixed solutions of HS(CH2 )2 1CH3 and

HS(CH 2)IICH 3 in isooctane. The abscissa represents the ratio of concentrations in

solution on a logarithmic scale. Upper figure: ellipsometric thickness. Middle figure:

intensity of the C(ls) (filled symbols) and Au(4f7/2) photoelectron peaks (open symbols) in

XPS. The areas of the gold peaks have been rescaled for clarity of presentation. The

squares and circles represent two separate series of samples. The samples within each

series were loaded into the spectrometer simultaneously and run sequentially. Lower

figure: advancing contact angles of water (open circles), bicyclohexyl (squares) and

hexadecane (filled circles). The lines have been added as aids to the eye and have no

theoretical significance.

Figure 5. Ratio of C(ls) to Au(4f7/2) peak areas in XPS for monolayers adsorbed onto

gold from solutions of HS(CH 2)2 1CH 3 and HS(CH2 ) 1ICH 3 in isooctane. The right-hand

axis shows the equivalent chain length, n, of a pure monolayer of HS(CH2)n-ICH 3,

adsorbed from ethanol, that yields the same ratio of C/Au. The scatter in the data gives an

indication of the random errors. The dotted line represents the ratio of C/Au peak areas

expected theoretically if [C22]surfC12]soI/[C12]surf[C22]sol = 2.3.

Figure 6. Advancing contact angles of water (open circles) and hexadecane (filled circles)

plotted against the mole fraction of HS(CH2)1 1CH 3 in a monolayer adsorbed from

mixtures of HS(CH2 )2 1CH 3 and HS(CH 2)I1 CH 3 in isooctane. The mole fraction of

HS(CH2)t 1CH 3 in the monolayer was calculated from the XPS data shown in Figure 5.

The errors in the contact angles are within the symbols.



Figure 7. Advancing contact angles of water (), a-bromonapthalene (), bicyclohexyl (

), hexadecane ( ) and decane ( ) on mixed monolayers of HS(CH2)2 1CH 3 and

HS(CH2)1 ICH 3 adsorbed onto gold from ethanol. The lines are provided only as an aid to

the eye.

Figure 8. Ellipsometric thickness (upper figure) and advancing contact angles (lower

figure) of mixed monolayers of HSkCH2)1 SCH3 and HS(CH2)1 I CH 3 adsorbed onto gold

from ethanol: water (), ct-bromonapthalene (), bicyclohexyl (), hexadecane ( ) and

decane ( ).

Figure 9. Hysteresis in the contact angles on mixed methyl-terminated monolayers on

gold. Upper Figure: HS(CH2)2 1CH3 and HS(CH2 )11CH 3 adsorbed from ethanol.

Middle Figure: HS(CH2 )15 CH 3 and HS(CH2 )1ICH 3 adsorbed from ethanol. Lower

Figure: HS(CH 2)2 1CH 3 and HS(CH2)1 lCH3 adsorbed from isooctane. A cos 0 = cosine

of the minimum receding contact angle minus cosine of the advancing contact angle. Lines

have been added to these graphs purely as aids to the eye. The variation in the hysteresis in

the contact angle of bicyclohexyl in the middle figure may be significant, or may simply

arise from random errors. Estimated limits of error are shown in the lower figure.

Figure 10. Mixed monolayers of HS(CH2 )1 1O H and HS(CH 2)19 0H adsorbed onto gold

from ethanol: ellipsometric thickness (upper figure) and advancing contact angles of water

(lower figure) as a function of the concentrations in solution. The lower figure includes

additional data, in the region of the peak maximum, that are not shown in the upper figure.

The dotted line in the upper figure represents the thickness expected theoretically if

[Cl9]surdCl lsol/[CI 1]surdCl9]sol = 5. The solid line in the lower figure is included as an

aid to the eye.



Figure 11. Advancing contact angles of water on mixed monolayers of HS(CH2)l1 OH

and HS(CH2)19 0H on gold, plotted against the mole fraction of HS(CH2 )I 1OH in the

monolayer. The composition of the monolayer was calculated from the ellipsometric

thicknesses. The standard error bars were estimated from the differences in ellipsometric

thickness between the monolayers on pairs of gold slides immersed in the same solutions.

Figure 12. Competitive adsorption of HS(CH2)1 IOH and HS(CH2)2 1CH3 from solution

in ethanol onto gold. Squares and circles represent two separate experiments. Upper

figure: ellipsometric thickness. The dotted line represents the thickness expected

theoretically, using the experimental thicknesses for the pure monolayers, if

[C22]surfCi11]soVI[C]surf[C22]sol = 11. Middle figure: areas of the O(ls) and Au(4f 7/2)

peaks in the XPS spectra. Lower figure: advancing contact angles of water and

hexadecane. Each symbol represents two data points. With one exception, the variation in

contact angle lay within the size of the symbol on the graph: an error bar is shown to

indicate the difference in contact angles for the single exception.



Figure 13. Contact angles on mixed monolayers of HS(CH2)1 1OH and HS(CH2 )2 1CH3

measured after immersion of the gold slides in the adsorption solutions for ten days. The

filled circles represent the advancing contact angles of water measured by forming a drop at

the end of a needle, lowering the drop to the surface, and removing the needle. The solid

line shows the values of the advancing contact angle of water on the same slides after they

had only been immersed in the adsorption solutions overnight (from Fig. 12). The solid

bars indicate the values of the maximum advancing and minimum receding contact angles

of water, measured by the technique of Dettre and Johnson. 57 The open circles represent

the advancing contact angles of glycerol, also measured after 10 days. Glycerol was used

to probe the accessibility of the hydroxyl groups to an H-bonding liquid that is more

sterically hindered than water. The drops of glycerol were left for several minutes on the

surface before the contact angles were measured to ensure that the limiting contact angles

had been reached.

Figure 14. Interfacial tensions of mixed monolayers of HS(CH2)2 1CH3 and

HS(CH2 )1 lCH3 adsorbed from isooctane, calculated using the geometric mean

approximation. Filled symbols: interfacial tension between the surface and hexadecane.

Open symbols: surface tension of monolayer calculated from the contact angles of

bicyclohexyl (R= 4, 6) and hexadecane (other data points).



Figure 15. Changes in the advancing contact angles of decane and hexadecane on mixed

monolayers of methyl-terminated alkanethiols. Acos 0 = (cos 0 at composition R) - (cos

0 at R = 0). Filled circles represent data for monolayers adsorbed from mixed solutions of

HS(CH2)1 ICH3 and HS(CH2 )2 1CH3 in ethanol and isooctane, in which the contact angles

were decreasing with increasing ratio of HS(CH2) 1ICH3 to HS(CH 2)2 1CH3 in solution.

Open circles represent monolayers from the same systems in which the contact angle was

increasing with increasing ratio of HS(CH2)11CH3 to HS(CH2 )2 1CH 3 in solution. There

are very few data in this range because the contact angle of decane was zero on most of

these monolayers. The open squares represent monolayers adsorbed from mixed solutions

of HS(CH2)15CH 3 and HS(CH 2) 1 CH3 in ethanol. There was no experimental difference

between the two concentration regimes for this system.

Figure 16. Schematic illustrations of monolayers adsorbed onto gold from solutions of

HS(CH2)IlOH and HS(CH 2)19 0H in ethanol. (A) Pure monolayer of HS(CH2 )19 0H;

(B) monolayer containing 25 % HS (CH2) 11 OH; (C) monolayer containing 50%

HS (CH2) 11 OH, near the maximum in contact angle; (D) monolayer containing 75%

HS(CH2)1 1OH; (E) pure monolayer of HS(CH 2) 1 OH.
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